In the current study, we examined the cytoprotective effects of these agents. Cisplatin induced 40 -50% apoptosis in rat kidney proximal tubular cells in 18 h, which was suppressed to 20 -30% by 1-5 M SAHA or 0.1 M TSA. Consistently, SAHA partially prevented cisplatin-induced caspase activation. The cytoprotective effects of SAHA and TSA were associated with long-term cell survival. During cisplatin treatment, Bax translocated to mitochondria, leading to cytochrome c release. Both Bax translocation and cytochrome c release were ameliorated by SAHA. Mechanistically, SAHA inhibited and TSA delayed p53 phosphorylation, acetylation, and activation during cisplatin incubation. At the upstream signaling level, SAHA blocked cisplatin-induced phosphorylation of Chk2, a key DNA damage response kinase. Interestingly, in HCT116 colon cancer cells, SAHA suppressed cisplatin-induced p53 activation, but enhanced apoptosis. The results suggest that inhibitors of histone deacetylases can protect against cisplatin nephrotoxicity by attenuating DNA damage response and associated p53 activation. cisplatin nephrotoxicity; suberoylanilide hydroxamic acid; trichostatin A CISPLATIN IS BEING USED for the treatment of a variety of cancers or tumors. A well-recognized side effect of cisplatin-based chemotherapy is nephrotoxicity, leading to acute kidney injury in cancer patients (2, 24). Currently, the only available approach to reduce cisplatin nephrotoxicity is excessive hydration; nevertheless, the effect is partial and still over a quarter of patients experience renal problems or deficiency (2, 24). Research during the last few years has significantly advanced the mechanistic understanding of cisplatin nephrotoxicity. Especially, multiple signaling pathways have been implicated in cisplatin-induced renal cell injury and death (17-20, 23, 26 -29, 31).
CISPLATIN IS BEING USED for the treatment of a variety of cancers or tumors. A well-recognized side effect of cisplatin-based chemotherapy is nephrotoxicity, leading to acute kidney injury in cancer patients (2, 24) . Currently, the only available approach to reduce cisplatin nephrotoxicity is excessive hydration; nevertheless, the effect is partial and still over a quarter of patients experience renal problems or deficiency (2, 24) . Research during the last few years has significantly advanced the mechanistic understanding of cisplatin nephrotoxicity. Especially, multiple signaling pathways have been implicated in cisplatin-induced renal cell injury and death (17-20, 23, 26 -29, 31) .
One of the major signaling pathways for cisplatin nephrotoxicity involves p53 (13) . p53 Is activated early during cisplatin incubation of renal tubular cells and induces the expression of proapoptotic genes, leading to apoptosis (15, 30, 32) . Inhibition of p53 by pharmacological inhibitors or dominant negative mutants blocks cisplatin-induced apoptosis in tubular cells (7, 11, 14, 17, 35) . Moreover, cisplatin induces significantly lower kidney injury in p53-null mice than their wildtype littermates (35) , further supporting a role for p53 signaling in cisplatin nephrotoxicity. Our recent work further revealed a robust DNA damage response involving ATR and Chk2 that is largely responsible for cisplatin-induced p53 activation in renal tubular cells and tissues (25) . These observations suggest that it is possible to block p53 signaling to ameliorate cisplatininduced nephrotoxicity during chemotherapy. In a very recent study, Molitoris and colleagues (22) reported that siRNA downregulation of p53 affords impressive renoprotective effects in animal models of renal ischemia-reperfusion and cisplatin nephrotoxicity.
Histone deacetylase (HDAC) inhibitors, including suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA), are emerging anti-cancer agents (3, 5, 21, 36) . These small molecule chemicals can be structurally different and can either selectively inhibit specific HDACs or be general inhibitors of several HDACs. Interestingly, recent work by Arany et al. (1) demonstrated an impressive cytoprotective effect of TSA during cisplatin treatment of renal tubular cells, whereas we showed that HDAC inhibitors can be cytotoxic to renal tubular cells after overnight treatment at relatively higher concentrations (9) . The current study further examined the cytoprotective effects of SAHA and TSA in cultured renal proximal tubular cells. Especially, we tested the hypothesis that HDAC inhibitors may block the DNA damage response and associated p53 activation during cisplatin treatment, resulting in suppression of tubular cell apoptosis.
MATERIALS AND METHODS

Materials.
The rat kidney proximal tubular cell (RPTC) line was originally obtained from Dr. Hopfer (Case Western Reserve University, Cleveland, OH) and maintained as described previously (9, 14, 15, 17) . HCT116 colon cancer cell line was purchased from American Type Culture Collection (ATCC; Manassas, VA) and cultured in McCoy's 5A medium as described previously (25) . Antibodies were from the following sources: rabbit polyclonal anti-p53, anti-phospho-(serine-15)-p53, anti-Chk2, and anti-phospo-H2AX antibodies from Cell Signaling Technology (Beverly, MA); monoclonal mouse antiBax from NeoMarkers (Fremont, CA); mouse monoclonal anti-cytochrome c from BD Pharmingen; mouse monoclonal anti-␤-actin antibody from Sigma (St. Louis, MO); rabbit polyclonal anti-PUMA from Dr. Yu at University of Pittsburgh; all secondary antibodies from Jackson ImmunoResearch (West Grove, PA). Carbobenzoxy-AspGlu-Val-Asp-7-amino-4-trifluoromethyl coumarin (DEVD.AFC) and 7-amino-4-trifluoromethyl coumarin (AFC) for caspase assay were purchased from Enzyme Systems Products (Dublin, CA). Other reagents and chemicals including cisplatin were purchased from Sigma.
Treatment of RPTC cells. In this study, RPTC cells were pretreated with SAHA or TSA and then further incubated with cisplatin in the presence of the agents. 1) For 5-M SAHA pretreatment, cells were plated at a density of 1 ϫ 10 6 cells/dish in 35-mm dishes to reach confluence by the next day. SAHA was then added to the cells at a final concentration of 5 M for 6 h of pretreatment. After pretreatment, the cells were incubated with 20 M cisplatin in the presence of 1 M SAHA. 2) For 1-M SAHA pretreatment, cells were plated at a density of 0.5 ϫ 10 6 cells/dish in 35-mm dishes. In the next day, 1 M SAHA was added to the cells for overnight pretreatment. After overnight pretreatment, the cells were incubated with 20 M cisplatin in the presence of 1 M SAHA. 3) For TSA experiments, an identical protocol of overnight pretreatment was followed, except that 0.1 M TSA (instead of 1 M SAHA) was used.
Morphological examination of apoptosis. Apoptotic cells were identified by their morphology as described previously (6, 9, 14, 15, 17) . Briefly, cells were stained with 10 g/ml Hoechst 33342 staining for 10 min and then examined by phase contrast and fluorescence microscopy. Apoptotic cells showed a characteristic morphology including shrunken configuration, apoptotic blebs or bodies, and condensed and fragmented nucleus. Four fields with ϳ200 cells per field were examined in each dish to estimate the percentage of apoptosis. Representative images were also recorded.
Measurement of caspase activity. Caspase activity in cell lysate was measured as previously using DEVD.AFC, a fluorogenic peptide substrate (6, 9, 14, 15, 17) . Briefly, cells were extracted with 1% Triton X-100. The lysates of 25 g protein were added to enzymatic reactions containing 50 M DEVD.AFC. After 1 h of incubation at 37°C, fluorescence at Ex 360 nm/Em 530 nm was measured. To indicate caspase activity, the fluorescence reading from each sample was calculated into the nanomolar amount of liberated AFC per milligram of protein, based on a standard curve constructed using free AFC.
Cellular fractionation. To determine the subcellular localization of Bax and cytochrome c, cells were fractionated using digitonin as previously (6, 15, 33) . Briefly, cells were permeabilized with 0.05% digitonin in an isotonic buffer for 2-5 min at room temperature to collect soluble extract as cytosolic fraction. The digitonin insoluble part was further dissolved in 2% SDS buffer as membrane-bound organellar fraction enriched with mitochondria. These two fractions were analyzed for Bax and cytochrome c by immunoblot analysis.
Immunoblot analysis. A standard protocol of immunoblot analysis was followed. Briefly, the protein concentration of cell lysate was determined using the bicinchoninic acid reagent (BCA) reagent (Pierce, Rockford, IL). Equal amounts of protein were loaded in each lane for reducing SDS-gel electrophoresis and then electroblotted onto PVDF membranes. The blots were incubated with blocking buffer, a specific primary antibody, and horseradish peroxidase-conjugated secondary antibodies. Antigens on the blots were revealed using the ECL kit from Pierce.
Statistics. Qualitative data including cell images and immunoblots are representatives of at least three experiments. Quantitative data were expressed as means Ϯ SD. Statistical analysis was conducted using the GraphPad Prism software. Statistical differences between two groups were determined by two-tailed unpaired Student's t-test. P Ͻ 0.05 was considered significantly different.
RESULTS
Inhibition of cisplatin-induced apoptosis by SAHA and TSA in RPTC cells.
To determine the effects of SAHA on cisplatininduced apoptosis in renal tubular cell, we pretreated RPTC cells with 5 M SAHA for 6 h and then subjected the cells to 20 M cisplatin treatment for 18 h in the presence of 1 M SAHA. Another group of cells was treated with cisplatin without SAHA exposure, whereas the control was not exposed to either SAHA or cisplatin. As shown in Fig. 1A , control cells showed normal healthy morphology with minimal apoptosis (left). Cisplatin treatment for 18 h induced massive apoptosis, showing cellular and nuclear condensation and fragmentation (Fig. 1A , middle). The apoptosis was markedly suppressed by 5-M SAHA pretreatment and the inclusion of 1 M SAHA during cisplatin treatment (Fig. 1A, right) . Of note, pretreatment or inclusion of SAHA during cisplatin incubation alone had some inhibitory effects on apoptosis (not shown), but the combination had the most consistent effects. Quantification by cell counting indicated that cisplatin induced 53% apoptosis, which was suppressed to 21% by SAHA (Fig. 1B) . Consistently, cisplatin-induced caspase activation was also suppressed by SAHA, although the inhibition appeared less extensive than apoptosis (Fig. 1C) . We further confirmed the cytoprotective effects of TSA that were reported previously (1) . Overnight TSA pretreatment and the presence of TSA during cisplatin incubation reduced apoptosis from 45 to 28% in RPTC cells (Fig. 1D) . In the same experiment, we also examined the effects of overnight pretreatment with 1 M SAHA. As shown in Fig. 1D , overnight pretreatment with and inclusion of 1 M SAHA during cisplatin incubation had significant inhibitory effects on cisplatin-induced apoptosis in RPTC cells.
Effects of SAHA and TSA on long-term survival of RPTC cells following cisplatin treatment. To determine whether SAHA and TSA have long-term effects on cell survival, we examined the cells at 48 h after cisplatin treatment. Specifically, we recorded the morphology of recovered cells and measured the cell protein recovered from each condition. We first determined the effect of 6 h of SAHA pretreatment. As shown in Fig. 2A , very few cells survived in the cisplatin group, whereas some cells in the SAHAϩcisplatin group did survive. Compared with control, the surviving cells in the SAHAϩcisplatin group appeared large and flat. Consistently, virtually no protein was recovered from the cisplatin group, but significant amounts of proteins were recovered from the SAHAϩcisplatin dishes (Fig. 2C) . We then examined the effects of overnight pretreatment with SAHA and TSA. As shown in Fig. 2B , by morphology more cells survived in the SAHAϩcisplatin and TSAϩcisplatin groups than the cisplatinonly group. The pretreated groups also recovered more proteins (Fig. 2D) . Together with the apoptosis analyses (Fig. 1 ), these observations demonstrate the cytoprotective effects of SAHA and TSA against cisplatin-induced apoptosis in renal tubular cells.
Suppression of cisplatin-induced Bax translocation and cytochrome c release in RPTC cells. Cisplatin activates the mitochondrial pathway of apoptosis, which is characterized by the translocation of Bax (a proapoptotic Bcl2 protein) from cytosol to mitochondria and consequent release of cytochrome c from the organelles (14, 15, 26) . Our recent work further demonstrated a role for Bax activation in cisplatin nephrotoxicity in vivo using gene knockout mice (34) . Thus, to understand the mechanism of cytoprotection by HDAC inhibitors, we initially examined the effects of SAHA on cisplatin-induced Bax translocation and cytochrome c release. To this end, RPTC cells were treated with cisplatin in the absence or presence of SAHA. The cells were then fractionated into cytosolic and membrane-bound fractions enriched with mitochondria for immunoblot analysis. As shown in Fig. 3A , Bax was almost completely cytosolic in control cells (lane 1) and after cisplatin incubation, a portion of Bax accumulated to the mitochondrial fraction (lane 2). Bax accumulation was partially suppressed by SAHA (lane 3). For cytochrome c (Fig.  3B) , the majority was in the mitochondrial fraction in control cells as expected. However, significant cytochrome c was detected after cisplatin treatment. Cisplatin-induced release of cytochrome c was partially prevented by SAHA. Analysis of the immunoblots by densitometry indicates that mitochondrial accumulation of Bax during cisplatin treatment was reduced 32% by SAHA. Consistently, cisplatin-induced cytochrome c release was reduced 65% by SAHA. The results suggest that HDAC inhibitors may prevent cisplatin-induced apoptosis in tubular cells at upstream signaling levels.
Suppression of cisplatin-induced p53 phosphorylation, acetylation, and activation by SAHA and TSA. A major signaling pathway leading to cisplatin-induced renal cell apoptosis and nephrotoxicity involves DNA damage response and p53 activation (13, 25, 35) . Because HDAC inhibitors are expected to block the structural alterations of chromosomes that are mediated by HDAC, we reasoned that the observed cytoprotective effects of SAHA and TSA might be related to DNA damage response and p53 activation during cisplatin treatment. To test this possibility, we first examined p53 phosphorylation and accumulation. As shown in Fig. 4A , cisplatin treatment for 4 and 18 h induced p53 phosphorylation at serine-15 (lanes 2, 5), which was attenuated by 6-h pretreatment with 5 M SAHA  (lanes 3, 6) . Consistently, cisplatin-induced total p53 accumulation was also ameliorated by SAHA (Fig. 4A: lanes 2, 5 vs.  3, 6 ). Cisplatin treatment also led to p53 acetylation, another posttranslational mechanism of p53 regulation. As shown in Fig. 4B , p53 acetylation at lysine-379 was marginally increased after 4 h and marked increased after 18 h of cisplatin treatment (lanes 2, 5). p53 Acetylation during cisplatin treatment was diminished by SAHA pretreatment (Fig. 4B: lanes 2, 5 vs. 3,  6 ). We further analyzed the expression of PUMA-␣ and p21, two downstream target genes of p53. It was shown that SAHA partially but significantly suppressed the expression of these genes during cisplatin treatment of RPTC cells (Fig. 4C: lane 3 vs. 
2).
Overnight pretreatment with 1 M SAHA also showed inhibitory effects on cisplatin-induced p53 phosphorylation (Fig. 4D: lanes 2, 5 vs. 3, 6 ). In addition, overnight pretreatment with 0.1 M TSA could block p53 activation at 4 h but not at the late time point of 24 h (Fig. 4D: lanes 2, 5) . Similarly, TSA pretreatment suppressed cisplatin-induced p53 acetylation at 4 h (Fig. 4F: lane 2 vs. 3) but not at 24 h, suggesting that TSA can delay or slow down p53 activation during cisplatin treatment. Collectively, the results indicate that HDAC inhibitors can suppress cisplatin-induced p53 activation.
Blockade of cisplatin-induced activation of Chk2, but not H2AX, by SAHA. Cisplatin stimulates a rapid and robust DNA damage response, which is largely responsible for p53 activation during cisplatin-induced tubular cell apoptosis and nephrotoxicity (25) . As discussed, the DNA damage response may not necessarily be caused by double-or single-strand breaks, rather by stalled replication stress due to cisplatin-mediated cross-linking of DNA (24) . In this response, we detected the phosphorylation of H2AX, accumulation of H2AX and ATR at discrete nuclear foci or DNA damage sites, marginal increase of ATR activity, and phosphorylation/activation of Chk2, finally resulting in p53 phosphorylation/activation (25) . To determine whether HDAC inhibitors suppress p53 activation by interrupting the DNA damage response, we specifically analyzed H2AX and Chk2 phosphorylation. As shown in Fig. 5 , cisplatin induced Chk2 and H2AX phosphorylation at 4 h, which became evident at 18 h (lanes 2, 5) . SAHA ameliorated Chk2 phosphorylation at both time points, but it did not suppress H2AX phosphorylation at either time points. The results suggest that SAHA does not reduce cisplatin-induced DNA damage stress and associated H2AX activation, but it interferes with the activation of downstream signaling molecules including Chk2, resulting in the inhibition of p53 activation.
SAHA enhances cisplatin-induced apoptosis in HCT116 cells. The observed cytoprotective effects of SAHA and TSA in renal tubular cells suggest that these agents may be used for renoprotection during cisplatin-based chemotherapy. However, an effective renoprotective approach should not diminish the anti-cancer efficacy of cisplatin in tumors. To address this issue, we examined the effects of SAHA on cisplatin-induced apoptosis in HCT116 colon cancer cells. Cell morphology is shown in Fig. 6A . Quantification of apoptosis showed that 80 M cisplatin induced ϳ20% apoptosis in HCT116 cells in 18 h, which was increased to 53% by SAHA (Fig. 6B) . Consistently, SAHAϩcisplatin induced higher cytochrome c release than cisplatin-only group (Fig. 6C: lane 3 vs. 2) , further suggesting the SAHA can enhance cisplatin-induced apoptosis in HCT116 cells.
Inhibition of cisplatin-induced p53 activation by SAHA in HCT116 cells. The results present above indicate that SAHA can protect renal tubular cells, but enhance cisplatin-induced injury and death in cancer cells. Because SAHA interfered with p53 signaling in RPTC cells (Figs. 4 and 5) , we hypothesized that SAHA might augment p53 signaling in HCT116 cells to increase apoptosis during cisplatin incubation. To test this possibility, we analyzed p53 (serine-15) phosphorylation in HCT116 cells. As shown in Fig. 7A , cisplatin induced a marked p53 phosphorylation at 18 h, but not at the early time point of 4 h. Notably, cisplatin-induced p53 phosphorylation was abrogated by SAHA (Fig. 7A: lane 6 vs. 5) . Further analysis showed that cisplatin-induced PUMA-␣ expression was suppressed by SAHA (Fig. 7B: lane 3 vs. 2) . Together, these results indicate that HDAC inhibitors may inhibit p53 signaling in normal as well as cancerous cells. during cisplatin treatment, resulting in the suppression of p53 activation, a major signaling pathway for tubular cell apoptosis during cisplatin nephrotoxicity. By contrast, SAHA enhances cisplatin-induced apoptosis in HCT116 colon cancer cells. Together, the results provide further support for the use of HDAC inhibitors for renoprotection during cisplatin and related platinum compound-based chemotherapy.
Interestingly, our previous study demonstrated cytotoxicity of SAHA in RPTC cells. It was shown that SAHA induces significant apoptosis at 5 M or higher concentrations (9) . It is noteworthy that the effect of SAHA depends not only on the SAHA concentrations used but also the treatment time or duration. During 18 h of treatment, SAHA induces apoptosis dose dependently with significant apoptosis induced at 5, 10, and 20 M (dose curve shown in Ref. 9). However, shorter (e.g., 6 h) treatment with SAHA at these concentrations does not induce significant apoptosis (data not shown). In contrast, as shown in the current study, 6-h pretreatment with 5 M SAHA protects against cisplatin-induced apoptosis.
Our results suggest that SAHA and TSA may protect renal tubular cells by blocking cisplatin-induced DNA damage response and p53 signaling. However, Arany et al. (1) suggested that TSA could increase CREB phosphorylation and restore CREB-mediated gene transcription to prevent cell death during cisplatin treatment. These two possibilities or mechanisms are not mutually exclusive; instead, they may be related and cooperate to underlie the cytoprotection by HDAC inhibitors. Interestingly, CREB and p53 share the CBP/p300 coactivator. Thus, it is possible that by increasing binding to CREB, HDAC inhibitors might reduce CBP/p300 binding to p53 during cisplatin treatment, leading to the suppression of p53 activation and consequent transcription of apoptotic genes. Alternatively, under conditions of DNA damage or genotoxic stress, CREB is phosphorylated via the upstream DNA damage sensor kinases, ATM and ATR (8) . Cisplatin also induces a rapid CREB phosphorylation in renal tubular cells (1) , suggesting that CREB phosphorylation induced by cisplatin may be a result of DNA damage signaling. The functional relationship between CREB and p53 activation during cisplatin injury has yet to be determined. However, CREB, a transcription factor with roles in cell survival, is inactivated during cisplatin treatment (1). It is speculated that CREB inactivation would facilitate cell killing by p53-mediated pathways. On the other hand, when HDAC inhibitors are present, the gene transcription and survival function of CREB are restored and p53 activation is suppressed in the same cells, culminating in cytoprotection and cell survival during cisplatin treatment. Further research needs to examine these possibilities to understand the cytoprotection by HDAC inhibitors.
The cisplatin-induced DNA damage response may not be primarily induced by double-or single-strand breaks. Rather, we believe it is a result of replication stalling stress due to cisplatin crosslinking of DNA strands (24) . This type of genotoxic stress evokes a robust DNA damage response. Our recent work showed that cisplatin induces a rapid phosphorylation of H2AX and the accumulation of this protein to nuclear foci or DNA damage sites. Concurrently, ATR is recruited to these sites, leading to the activation of Chk2. Then, Chk2 can phosphorylate p53 for its activation (25) . In the current study, we showed that H2AX phosphorylation is not affected by SAHA, but Chk2 is. The observation suggests that HDAC inhibitors do not prevent cisplatin crosslinking and initial DNA damage response, but they interfere with the subsequent signaling. Based on the DNA damage response, we speculate that SAHA may affect the assembly of the protein complexes at the DNA damage sites and prevent the activation of signaling protein kinases such as ATR. The binding of cisplatin to DNA and the crosslinking of the strands may be affected by alterations in chromatin structure. We speculate that HDAC-mediated deacetylation of histones, the main structural proteins in chromatin, may participate in the structural changes of chromatin and ensuing DNA damage signaling during cisplatininduced cytotoxicity. While this possibility remains to be investigated in the future, it is noteworthy that the deacetylation substrates of HDACs are not limited to histones (4, 10, 12) . Thus, the effects of HDAC inhibitors may as well be caused by the prevention of deacetylation of other proteins.
This and the earlier study by Arany et al. suggest that it is possible to use HDAC inhibitors to prevent renal damage during cisplatin chemotherapy. Interestingly, our results further show that SAHA can enhance apoptosis during cisplatin treatment of HCT116 colon cancer cells. Mechanistically, we showed that the increased apoptosis is associated with higher cytochrome c release from mitochondria, suggesting that SAHA may enhance the killing signals at the levels upstream of mitochondrial damage. We further showed that as in RPTC cells, SAHA suppresses cisplatin-induced p53 activation in HCT116 cells. The results indicate that the death-enhancing effects of SAHA in HCT116 cells are not due to an increased DNA damage response. Thus, currently the mechanism of the death-enhancing effects of SAHA in HCT116 cells remains unclear. Nonetheless, these studies indicate that normal cells/ tissues and malignant cells may respond very differently to HDAC inhibitors. The protective effects in normal renal tubu- lar cells and the death-enhancing effects in cancerous cells support the possibility of the in vivo use of HDAC inhibitors for renoprotection during cisplatin chemotherapy. Further studies need to test this possibility and extend the findings using in vivo models, preferably tumor-bearing animals.
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